ABSTRACT We tested the hypothesis that nonhost conifers contain compounds that repel coniferophagous bark beetles (Coleoptera: Scolytidae) during host selection in four experiments (n ϭ 10) involving paired trees baited with aggregation pheromones. Mountain pine beetles, Dendroctonus ponderosae Hopkins, and Douglas-Þr beetles, Dendroctonus pseudotsugae Hopkins, were tested for discrimination between their respective hosts, lodgepole pine and Douglas-Þr, and spruce beetles, Dendroctonus rufipennis Kirby, and western balsam bark beetles, Dryocoetes confusus Swaine, for discrimination between interior spruce and interior Þr. Both host and nonhost conifers in a pair were baited with the same aggregation pheromone. Most baited host trees were successfully attacked and contained galleries with eggs or young larvae. Neither D. rufipennis nor D. confusus attempted to establish galleries on nonhosts. A few attacks were initiated on nonhosts by D. pseudotsugae and D. ponderosae, but most did not reach the phloem tissue, and in no case were they numerous enough to have produced a signiÞcant source of aggregation pheromone. Thus employing pheromone-baited nonhost trap trees would not be an effective management tactic. Higher trap catches in unbaited multiple funnel traps within 1 m of nonhost trees than in control traps 12.5 m away also indicated that there was no strong long range repellence caused by nonhost volatiles. Although this study was not designed to evaluate primary attraction to host trees, the lack of strong repellence from nonhost conifers partly supports the hypothesis of random landing followed by close range olfactory or gustatory rejection of nonhosts.
LOCATION OF SUITABLE HOSTS is vital to the reproductive success of tree killing bark beetles (Raffa and Berryman 1982, Wood, D. L. 1982) . Pioneer beetles locate hosts, and mass attack by the rest of the population ensues in response to aggregation pheromones. Two hypotheses, both with supporting evidence, have been proposed for the speciÞcity of host selection by pioneer bark beetles. The random landing hypothesis states that beetles land randomly on trees and select hosts at close range, after sampling them for suitability (Vité and Gara 1962 , Elkinton and Wood 1980 , Hynum and Berryman 1980 , Moeck et al. 1981 . The primary attraction hypothesis states that beetles locate hosts by long-range perception and response to volatile chemicals emanating from trees (McMullen and Atkins 1962 , Chapman 1963 , Austara et al. 1986 , Gries et al. 1989 , Moeck and Simmons 1991 , Byers 1995 , Brattli et al. 1998 . However, the response to aggregation pheromones alone or in combination with host volatiles (secondary attraction) is stronger than primary attraction to host volatiles alone (Person 1931 , Anderson 1948 , Rudinsky 1966 ).
An alternative hypothesis that would partially explain speciÞcity in host selection is that beetles avoid nonhosts at long range. Recent studies have shown that coniferophagous bark beetles avoid angiosperm volatiles (Schroeder 1992 , Borden et al. 1998 , Byers et al. 1998 , 2000 Zhang et al. 1999 , but the mechanism of discrimination between host and nonhost conifers is not known.
In British Columbia (B.C.), the four major species of tree-killing bark beetles are generally speciÞc to the host trees they attack (Wood, S. L. 1982) . The Douglas-Þr beetle, Dendroctonus pseudotsugae Hopkins, attacks Douglas-Þr, Pseudotsuga menziseii (Mirb.) Franco. The mountain pine beetle, Dendroctonus ponderosae Hopkins, attacks all species of pines, but most frequently attacks and kills lodgepole pine, Pinus contorta variety latifolia Engelm. The spruce beetle, Dendroctonus rufipennis Kirby, attacks Engelmann spruce Picea engelmanii Parry ex Engelm., white spruce, P. glauca (Moench) Voss, and their hybrid "interior" spruce P. engelmannii x glauca, which occurs throughout most of B.C. The western balsam bark beetle, Dryocoetes confusus Swaine, attacks subalpine Þr Abies lasiocarpa (Hooker) Nutall, Rocky Mountain alpine Þr, A. bifolia A. Murray, and their "interior" Þr hybrid, A. lasiocarpa ϫ bifolia. Although neither A. bifolia nor the hybrid interior Þr are widely accepted, there are distinct morphological and biochemical differences between A. lasiocarpa and A. bifolia that justify separation of the species (Hunt 1993) .
As part of a study on host selection in these four species of bark beetles, our objectives were to determine whether (1) any of the four species of bark beetles avoid nonhost conifers in ßight as opposed to after landing, and (2) if volatiles from nonhost conifers can overpower an aggregation pheromone signal and prevent mass attack.
Materials and Methods
Experimental Design. Four 10 replicate experiments (Table 1) conducted between April and August 1999 focused on two ecological associations in which pairs of beetle species were sympatric and did not share aggregation pheromone components. D. ponderosae and D. pseudotsugae were tested for discrimination between lodgepole pine and Douglas-Þr, and D. rufipennis and D. confusus for discrimination between interior spruce and interior Þr.
Experimental blocks (Fig. 1) were set up in interior B.C. locations where populations of both tree and beetle species were prevalent ( Table 1 ). The Þrst tree species in each pair was randomly determined by ßipping a coin. A suitable large tree (Ն25 cm diameter at 1.3 m) was then selected, and a similar tree of the opposite species was chosen Ϸ25 m away. If two such trees could not be found, a new search in a site nearby was initiated. The distance between replicates was Ն50 m. Baits were afÞxed to the north face of each tree. Unbaited multiple-funnel traps (Lindgren 1983 ) (Phero Tech, Delta, B.C., Canada) were placed on the east face, 1 m from the baited trees, to catch incoming ßying beetles that oriented toward the tree. A piece of Vapona No-Pest Strip (Green Cross, Fisions Horticulture, Mississauga, Ontario, Canada) was placed in the collecting cup to prevent the escape of captured bark beetles and kill predatory beetles. Hardware cloth panels (20 by 50 cm) coated with Tangle trap (Tanglefoot Co., Grand Rapids, MI) were afÞxed to the west face of the tree to capture landing beetles. For each replicate, a third unbaited trap (a negative control) was placed mid-way between the baited trees.
At the end of the ßight period, captured beetles from all traps and sticky panels were collected and the species, sex, and number of all scolytids were determined. Both host and nonhost trees were visually assessed for attack from ground level to 2 m in height. Trees with Ն5 successful attacks on the north face of the tree, with copious frass and on pines and spruces abundant resin ßow and pitch tubes, were considered to be mass attacked. Five galleries (or fewer if Ͻ5 attacks were present) were dissected on each tree and assessed for attack success by the presence or absence of boring adults, egg niches, eggs, and larvae. The species of all adults recovered from the galleries was determined.
Statistical Analyses. Catches from the traps and sticky panels were transformed by log 10 (x ϩ 1). The trap catch data were analyzed by analysis of variance (ANOVA; GLM procedure) (SAS Institute 1990) and the Ryan-Einot-Gabriel-Welsh Multiple Range (REGW) test (Day and Quinn 1989) . The data from the sticky panels were analyzed by t-tests (SAS Institute 1990) . In all cases ␣ ϭ 0.05.
Results
In almost all instances, there was successful attack on host trees, but in no case was attack successful on nonhosts (Table 2 ). Neither D. rufipennis nor D. confusus initiated any attack on the lower 2 m of bark on either of their respective nonhosts. In contrast, on lodgepole pine, 50 attempted attacks by D. pseudotsugae were observed; Þve of these reached the phloem tissue, but none contained eggs or larvae. Of the Þve galleries, four were on one tree. On Douglas-Þr, none of the 39 observed attacks by D. ponderosae reached the phloem tissue.
More D. pseudotsugae of both sexes were caught in traps beside nonhost lodgepole pines than in control traps Ն12.5 m away, and more were caught beside Douglas-Þr trees than lodgepole pines (males F ϭ 145.65, df ϭ 2, 15, P Ͻ 0.0001; females F ϭ 114.76, df ϭ 2, 15, P Ͻ 0.0001), but beetles landed equally on the sticky panels on both hosts and nonhosts (males t ϭ 0.22, df ϭ 16, P ϭ 0.83; females t ϭ 0.06, df ϭ 16, P ϭ 0.95) (Fig. 2) . Although the traps near the baited trees caught signiÞcantly more mountain pine beetles than the control traps, unlike the Douglas-Þr beetle, there was no difference in their orientation toward traps near host lodgepole pines and nonhost Douglas-Þrs (Fig. 3) . The landing of D. ponderosae on host and nonhost trees did not differ signiÞcantly (males t ϭ 0.04, df ϭ 18, P ϭ 0.97; females t ϭ 0.63, df ϭ 18, P ϭ 0.54).
There was no difference in catches of male D. rufipennis in control traps and traps near hosts and nonhosts (males F ϭ 1.94, df ϭ 2, 13, P ϭ 0.18). The ANOVA detected a signiÞcant treatment effect in females (females F ϭ 4.43, df ϭ 2, 13, P ϭ 0.03), but the more conservative REGW multiple range test did not (Fig. 4) . Male D. rufipennis landed preferentially on hosts, while females failed to distinguish between hosts and nonhosts (males t ϭ 5.95, df ϭ 12, P Ͻ 0.0001; females t ϭ 0.85, df ϭ 12, P ϭ 0.41). Male D. confusus were caught in greater numbers in traps near nonhosts than in control traps, and both sexes were caught (males F ϭ 9.82, df ϭ 2, 16, P ϭ 0.0016; females F ϭ 13.12, df ϭ 2, 16, P ϭ 0.0004) and landed (males t ϭ 3.42, df ϭ 18, P ϭ 0.0031; females t ϭ 4.15, df ϭ 18, P ϭ 0.0006) in greater numbers on hosts than on nonhosts (Fig. 5) .
Discussion
The lack of any attacks by D. rufipennis and D. confusus on nonhosts and the very small numbers of attacks by D. pseudotsugae and D. ponderosae indicate a very low likelihood that orientation toward or landing on nonhost trees was inßuenced by supplementary aggregation pheromones produced by attacking beetles. Therefore, any positive response (orientation or landing) on nonhosts by any of the four species can be attributed to a response to the aggregation pheromone baits.
The signiÞcant traps catches of D. pseudotsugae, D. ponderosae, and (Þrst attacking) male D. confusus on traps adjacent to nonhost trees suggest that none of these species was strongly repelled by its sympatric nonhost conifer, at least to the extent that nonhost volatiles released by an undamaged tree could overcome an attractive pheromone bait. This conclusion is reinforced by the lack of signiÞcant differences in landing rates on hosts and nonhosts by D. pseudotsugae, D. ponderosae, and female D. rufipennis. These results lend support to the random landing hypothesis (Vité and Gara 1962, Elkinton and Wood 1980, Hynum pseudotsugae caught in unbaited control traps, pheromone baited traps associated with host and nonhost trees, and on sticky panels attached to host and nonhost trees. Bars within a subgraph with the same letter are not signiÞcantly different, REGW multiple range test (for trap catch data) and t-test (for sticky panel data), respectively. In all cases, ␣ ϭ 0.05. Fig. 3 . Mean number of D. ponderosae caught in unbaited control traps, pheromone baited traps associated with host and nonhost trees, and on sticky panels attached to host and nonhost trees. Bars within a subgraph with the same letter are not signiÞcantly different, REGW multiple range test (for trap catch data) and t-test (for sticky panel data), respectively. In all cases, ␣ ϭ 0.05. and Berryman 1980, Moeck et al. 1981) , although they do not consider the other argument for random landing, the absence of primary attraction.
The model of Byers (1996) suggests that primary attraction to host volatiles is not imperative for host location in many species of bark beetles. D. ponderosae is the most aggressive of the beetles in this study, and in the absence of aggregation pheromone baits, it landed at similar rates on hosts and nonhosts (Hynum and Berryman 1980, Moeck et al. 1981) . However, Moeck and Simmons (1991) demonstrated that cages baited with fresh lodgepole pine bolts or wood attracted more beetles than empty control cages, suggesting moderate primary attraction to host odors. Similar results were obtained by Chapman (1963) for D. pseudotsugae and Stock and Borden (1983) for D. confusus. However, in all three studies, the host bolts were freshly cut and unsealed and may have emitted a stronger olfactory signal than an intact, standing tree.
The cladogram of Hart (1987) of the Pinaceae shows that the hosts of the Dendroctonus spp. are more closely related to each other than any of them are to the Abies host of D. confusus. Although D. confusus could have been repelled by the nonhost spruce trees, its Abies host contains over Þve times more bark volatiles than any of the other three species of conifers in this study (D.S.P., unpublished data). Hence, because of a high threshold of perception for host volatiles, D. confusus simply may not perceive volatiles from other conifers.
The equal landing rates on hosts and nonhosts by D. ponderosae and D. pseudotsugae, as well as female D. rufipennis in this study, probably occurred because beetles that successfully attacked their host trees produced antiaggregation pheromones that neutralized the attractive baits. The high landing rates by male D. rufipennis on hosts may have been a response at close range to the presence of females. Stock et al. (1990) concluded that (ϩ)-endo-brevicomin alone was an antiaggregation pheromone for D. confusus. It was later shown to be an aggregation pheromone component in combination with (ϩ)-exo-brevicomin (Camacho et al. 1993 ). Lack of an antiaggregation pher- omone would explain the superior trap catches and landing rates by this beetle on its host tree.
As demonstrated in Scolytus multistriatus (Marsham) and Scolytus quadrispinous Say (Norris and Baker 1967 , Baker and Norris 1968a , b, Gilbert and Norris 1968 , D. pseudotsugae and D. ponderosae may detect nonhosts at close range, possibly after attempting to initiate attack, as was evident by the failed attacks on baited nonhosts. However, the lack of abundant and/or successful attacks by any of the four species on nonhosts dispels the frequently asked question of whether baiting nonhost trees with aggregation pheromones is a potential management tactic, similar to the proposal of Smith (1986) of using baited hosts treated with insecticide. Although nonhost trees that were baited with pheromones did not entirely repel Dendroctonus spp., attack was never successful, and most of the beetles that landed on the wrong host would probably leave on Þnding it unsuitable. The slight possibility of managing them by inducing landing and some attack on nonhosts treated with topical insecticide remains. However, successful management would be most likely with host trees used in trapor lethal-tree tactics.
In conclusion, our study does not reveal long-range repellent effects of any nonhost tested. SigniÞcant trap catches, landing rates, and a few attempts at gallery initiation into nonhosts by D. pseudotsugae and D. ponderosae indicate that nonhost volatiles did not overpower the effect of aggregation pheromones. A similar test by Byers et al. (2000) demonstrated that Pityogenes bidentatus (Herbst) that colonizes the limbs of weak Scots pine, Pinus sylvestris L., attempted unsuccessful attacks on aggregation pheromone baited nonhost birch, Betula pendula. This suggests that as reported in the California Þvespined ips, Ips paraconfusus Lanier (Elkinton and Wood 1980) , nonhost rejection may be based on gustatory stimuli. No attack on nonhosts was observed by D. rufipennis and D. confusus, even though they landed on the sticky panels in response to the attractive pheromone baits. The attractive power of the pheromone baits in our experiment would have forced incoming beetles that were not captured to detect and avoid nonhosts at close range. In the absence of pheromones, these two species may be able to avoid nonhosts at long range in nature.
